Available online xxxx HIV associated dementia (HAD) is the most advanced stage of central nervous system disease caused by HIV infection. Previous studies have demonstrated that patients with HAD exhibit greater cerebral and basal ganglia atrophy than non-demented HIV+ (HND) patients. However, the extent to which white matter is affected in HAD patients compared to HND patients remains elusive. This study is designed to address the potential white matter abnormalities through the utilization of diffusion tensor imaging (DTI) in both HND and HAD patients. DTI and T1-weighted images were acquired from 18 healthy controls, 21 HND and 8 HAD patients. T1 image-based registration was performed to 1) parcellate the whole brain white matter into major white matter regions, including frontal, parietal, temporal and occipital white matter, corpus callosum and internal capsule for statistical comparisons of the mean DTI values, and 2) warp all DTI parametric images towards the common template space for voxel-based analysis. The statistical comparisons were performed with four DTI parameters including fractional anisotropy (FA), mean (MD), axial (AD), and radial (RD) diffusivities. With Whitney U tests on the mean DTI values, both HND and HAD demonstrated significant differences from the healthy control in multiple white matter regions. In addition, HAD patients exhibited significantly elevated MD and RD in the parietal white matter when compared to HND patients. In the voxel-based analysis, widespread abnormal regions were identified for both HND and HAD patients, although a much larger abnormal volume was observed in HAD patients for all four DTI parameters. Furthermore, both region of interest (ROI) based and voxel-based analyses revealed that RD was affected to a much greater extent than AD by HIV infection, which may suggest that demyelination is the prominent disease progression in white matter.
Introduction
HIV+ patients in the most advanced stage may develop dementia, also known as the AIDS Dementia Complex, or HIV Associated Dementia (HAD) . HAD has been shown to occur in 20% to 30% of untreated adult patients (Albright et al., 2003) . The clinical symptoms of HAD include disabling cognitive impairment accompanied by motor dysfunction or change in behavior (or both) (AIDSTaskForce, 1991) . Although to a large extent the pathogenesis of HAD or cognitive impairment caused by HIV infection remains unknown, brain macrophages and microglial cells are likely to be the key infected cells and responsible in the pathogenesis of HIVassociated neurocognitive impairment (Gonzalez-Scarano and Martin-Garcia, 2005) . It is believed that the activation of these macrophages and/or microglial cells, along with a release of inflammatory cytokines and chemokines, leads to abnormal neuronal pruning (Moroni and Antinori, 2003) . The most common histopathological findings in autopsy studies of AIDS patients suffering from dementia include: white matter changes and demyelination, microglial nodules, multinucleated giant cells, and perivascular infiltrate (Gray et al., 2003; Langford et al., 2003; Masliah et al., 2000) . Furthermore, immunohistological studies also demonstrated that axonal injury occurs in both earlier and advanced stages of the disease Giometto et al., 1997; Gray et al., 1998; Medana and Esiri, 2003; Raja et al., 1997) .
DTI is a superb white matter imaging modality capable of noninvasively revealing physiological parameters related to water diffusion in the brain (Basser et al., 1994) . Due to the presence of myelin sheaths and microstructural components of axons in white matter, water molecules move more freely along than perpendicularly to the long axis of the fiber. This phenomenon is known as anisotropic diffusion. Disruption of white matter structural integrity may alter both the magnitude and the anisotropy of water diffusion. As a result, changes in DTI parameters including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) may reflect microstructural abnormality of white matter.
FA and apparent diffusion coefficient (ADC, equivalent to MD) have been utilized to explore neurological dysfunction resulting from HIV infection (Cloak et al., 2004; Filippi et al., 2001; Pomara et al., 2001; Ragin et al., 2004a; Ragin et al., 2004b; Ragin et al., 2005; Thurnher et al., 2005) . Filippi et al. (2001) found a correlation between the viral load and reduction of FA in the splenium and genu of the corpus callosum in 10 HIV infected subjects. Pomara et al. (2001) reported that FA decreased in white matter of the frontal lobes and increased in the posterior limb of the internal capsule in a cohort of 6 nondemented HIV+ patients when compared to 9 age-matched normal volunteers, but found no group difference in ADC, proton density, or T2-weighted images. Using whole-brain DTI histogram analysis, Ragin et al. (2004b) demonstrated that a reduction of the mean FA was significantly associated with the severity of dementia, while there was no significant correlation between elevated ADC and the clinical stage. In addition, they found that DTI measures in the sub-cortical regions were significantly correlated with a loss of function in specific cognitive domains (Ragin et al., 2004a; Ragin et al., 2005) . Cloak et al. (2004) showed increased frontal white matter ADC in association with increased glial metabolites in 11 HIV infected subjects when compared to 14 seronegative subjects. ADC was correlated positively with the glial marker myoinositol and negatively with psychomotor efficiency, suggesting that the increased brain water diffusion may reflect increased glial activation or inflammation. With regions of interest (ROIs) placed in the splenium and genu of the corpus callosum, frontal white matter, and hippocampus in patients grouped with the viral loads and CD4 counts, Thurnher et al. (2005) reported significantly reduced FA and increased ADC only in genu of HIV+ patients and no statistically significant correlation existed between FA (and ADC) values and CD4 counts. More recently, voxel-based DTI analysis using Statistical Parametric Mapping (SPM) has demonstrated significantly increased MD in the seropositive population when compared to seronegative subjects (Stebbins et al., 2007) .
While these reported findings clearly demonstrate the potential clinical utility of DTI in discerning white matter abnormalities resulting from HIV viral infection, most of the studies to date have only focused on comparing HIV+ patients with healthy controls. Relatively little effort has been given to examine how white matter abnormalities may be associated with different cognitive impairment levels in HIV+ populations. In addition, both white matter demyelination and axonal damage have been reported in HIV+ patients Giometto et al., 1997; Gray et al., 1998; Medana and Esiri, 2003; Raja et al., 1997; Price et al., 1988; Raja et al., 1997; Gray et al., 1996; Liuzzi et al., 1992) . However, both FA and ADC (or MD) have been considered as non-specific markers because they are affected by many white matter characteristics such as myelination, axonal density, and integrity (Kraus et al., 2007; Song et al., 2002; Sun et al., 2006) . Conversely, it has been suggested that axial and radial diffusivities may reflect axonal injury and demyelination, respectively (Song et al., 2002; Sun et al., 2006) . Separate analyses of the changes in these two diffusivisities may potentially provide more insights into the underlying mechanisms of white matter injury caused by HIV infection.
In this study, we specifically focused on the following three areas. First, we evaluated white matter abnormalities using two different approaches: ROI-based comparisons by parcellating whole brain white matter into different ROIs and voxel-based comparisons, allowing a more comprehensive analysis of white matter abnormality caused by HIV infection. Second, we determined white matter abnormalities present in HND and HAD patients separately, since white matter abnormalities may be different in HND and HAD patients. In addition, separating HND and HAD patients also allowed us to address whether DTI can discern HAD from HND. Third, we extended the statistical comparisons to both axial and radial diffusivities instead of only analyzing FA and MD, allowing, potentially, to determine the relative severity of myelin loss and axonal damage in both HND and HAD.
Materials and methods

Patients
This study was approved by the Office of Human Research Ethics at our institution. Written informed consent was obtained from all subjects. In total, twenty-nine HIV+ patients (age ranged 41.2 ± 7.4, 21 M and 8F) and eighteen age-matched healthy controls (age ranged 40.3 ± 5.6, 9M and 9F) were studied. Patients were further divided into HND (age ranged 30.9 ± 7.7, 17M and 4F) and HAD (age ranged 44.8 ± 5.8, 4M and 4F) groups. The diagnosis of HAD was made in accordance with the criteria recommended by the American Academy of Neurology AIDS Task Force (1991). Of the 29 HIV+ patients, eighteen patients (13 in HND and 5 in HAD) received HAART. The viral loads in blood ranged from undetectable to N65,000.
MR imaging
All images were acquired using a 3T Allegra head only MR system (Siemens Medical Inc., Erlangen, Germany) with a maximal gradient strength of 40 mT/m and a maximal slew rate of 400 mT/(m ms). A standard circularly polarized head coil was used as the transmit/ receive coil. High resolution T1 weighted images were acquired using a 3D MP-RAGE sequence with the imaging parameters as follows: TR/ TE = 1700/4.38 ms, TI = 900 ms, field of view (FOV) = 256 mm 2 and an isotropic voxel size of 1 × 1 × 1 mm 3 . A single shot EPI DTI sequence (TR/TE = 5400/73 ms) was used to obtain DTI images. Diffusion gradients with a b-value of 1000 s/mm 2 were applied in six non-
A reference scan (b = 0) was also obtained for diffusion tensor matrix calculation. Forty-six contiguous slices with a slice thickness of 2 mm covered a field of view of 256 mm with an isotropic voxel size 2 × 2 × 2 mm 3 . Eighteen acquisitions were averaged to improve the signal-to-noise ratio (SNR) of the images. Four scalar DTI parameters, including FA, MD, AD and RD, were computed as in the following equations.
where λ 1 , λ 2 and λ 3 are the three eigenvalues of a diffusion tensor matrix in a descending order.
Spatial normalization
T1 image-based registration was used to warp the respective DTI images, instead of directly registering FA images or the low resolution T2 (b = 0) MR images. This was done since T1 images had a higher spatial resolution and signal-to-noise ratio when compared to DTI images and avoided possible biases resulting from a direct registration of FA images across subjects. Accordingly, the spatial normalization of DTI parametric maps involved the following three steps. Preprocessing step: Visual inspection of all images was performed to ensure no presence of bulk motion, and T1 images of each individual subject were segmented into white matter (WM), gray matter (GM) and CSF using the Markov Random Field based tissue segmentation approach provided in FSL 3.2 (Zhang et al., 2001 ). Registration of T1 images across subjects: The HAMMER-based elastic registration Davatzikos, 2002, 2003) approach was employed to align T1 images of all subjects (including both healthy controls and HIV+ patients) to a template, which is not a subject from this study and bears anatomical definitions of major brain structures (N. Kabani et al.,1998) . One advantage of the HAMMER-based registration technique is that it uses sufficient geometrical attributes (calculated from multi-scale neighborhoods) to establish the image correspondence during the registration of the two images. Registration of images within subject: DTI images were rigidly aligned with the corresponding T1 images of each subject using a linear registration tool available in FSL 3.2 (Analysis Group, FMRIB, Oxford, UK). By completion of the above three steps, DTI parametric maps can be spatially normalized towards the template space.
Data analysis ROI based analysis on mean DTI values for major white matter regions
In order to determine how white matter abnormalities are revealed by DTI across different brain white matter regions, a widely used digital atlas bearing anatomically parcellated white matter regions, including frontal, parietal, temporal and occipital white matter, corpus callosum, and internal capsule ( Fig. 1 ) was chosen as the template (Kabani et al., 1998) . For every subject, the mean values of FA, MD, AD and RD in each of these major white matter regions were computed after mapping the digital atlas in the template space towards each individual subject through the transformation obtained from the image registration (discussed in the previous section).
Before comparing the mean DTI values from these ROIs between a patient group and the healthy control group, patients in both HND and HAD with and without HAART treatment were compared first using the Mann-Whitney U test to determine the potential drug related effects. Subsequently, for each DTI parameter in each white matter region, the Kruskal-Wallis statistical test was performed to test the validity of the null hypothesis that the three groups (NORMAL, HND and HAD) are equal. Pair-wised Mann-Whitney U tests were performed between every two groups when this null hypothesis was rejected with a small p value (e.g. p b 0.05).
Voxel-based group comparison
In order to identify the affected white matter regions at different cognitive impairment levels, group analysis was also conducted through a voxel-by-voxel comparison between each of the two HIV+ groups and the healthy controls. Before performing group comparison, all DTI images were spatially smoothed with an isotropic 3D Gaussian filter (6 mm in full width at half maximum (FWHM)) to remove noise and minimize the effects of inter-subject structural variations.
The voxel-based group comparison was performed in the following three steps (Zhu et al., 2007) . The first step involved fitting a Fig. 1 . Four axial (top two panels) and coronal (bottom two panels) slices of the template T1 images and the corresponding parcellated major white matter regions including frontal, parietal, temporal, occipital white matter, corpus callosum and internal capsule, respectively. heteroscedastic linear model including diagnosis (NORMAL(x 1 ), HND (x 2 ), and HAD(x 3 )) as the between-subject factor to a specific DTI parameter (e.g., FA) from all subjects (Eq. (2)).
Where, ɛ t is the noise for subject t, and β i (i = 1-3) are coefficients for the generalized linear model. The heteroscedastic linear model was used here to avoid two key assumptions in the classical linear model: (1) the data conforms to a Gaussian distribution at each voxel, and (2) the variance of the imaging data is homogeneous across subjects. Thus, the heteroscedastic linear model is more suitable to a large class of distributions in the imaging data, such as the FA, since it may not conform to a Gaussian distribution. The second step was to test the hypothesis that whether two groups are significantly different from each other. The linear null hypothesis (Eq. (3)) was tested with a Wald-type statistic (Eq. (4)).
Σ is a consistent estimate of the covariance matrix of R β → − b 0 under H 0 . For instance, in order to test whether NORMAL and HND were significantly different, the coefficients like R = (1,− 1,0) and b 0 = 0 were chosen to determine whether the null hypothesis would be rejected with a small p value (e.g. p b 0.05). The third step was to calculate the adjusted p value to account for multiple statistical tests conducted across all voxels through controlling the family-wise error rate (Eq. (5)). This step is critical to control the type I error (false positive) given the large number of voxels involved in the comparison. The wild bootstrapping method also avoids the assumption of smoothness and Gaussian distribution for random field theory (as implemented in SPM).
is the maximum of the Wald statistics within the whole region D at the sth step of the wild bootstrapping (total S steps), and I is a binary indicator function. The final significant regions will be defined as the voxels with the adjusted p value les than 0.05.
As in the previous ROI based analysis, HAART administration was also assessed as the between-subject factor and the similar process was applied to examine whether significantly different brain regions associated with medication use exist. After no significance was found for medication use, patients within the same cognitive impairment level (HND or HAD) were pooled together for a comparison with the healthy control.
Results
Evaluation of drug therapeutic effect
In both HND and HAD groups, no significant difference was found between patients with and without HAART in the above analyses. It might suggest either that HAART had no substantial effect on DTI values, or that the effects of this antiretroviral therapy could not be adequately discerned in this cross-sectional study due to either the insufficient number of patients in each patient group or the limitations of the current experimental setting. Nevertheless, it remains controversial as to how effective HAART is in improving cognitive function (Chang et al., 1999; Dore et al., 1999; Gray et al., 2003) .
Spatial normalization
After registration, the mean and standard deviation maps of the warped four DTI parameters from all 47 subjects are provided in Fig. 2 . The effectiveness of the spatial normalization is qualitatively demonstrated in the mean (panels A1 to D1, Fig. 2 ) and standard deviation (panels A2 to D2, Fig. 2 ) images of all four DTI parameters. In the mean FA image (panel A1, Fig. 2 ), detailed white matter structures including the white matter tracts within the cortical areas are clearly visible without being blurred by inaccury in registration. In the mean MD image (panel B1, Fig. 2) , the contrast between gray and white matter is not as strong as that in the mean FA image due to the more homogeneous nature of MD across the brain. AD is higher in major white matters (panel C1, Fig. 2 ) while RD is lower in such areas (panel D1, Fig. 2) . Furthermore, the corresponding standard deviation images (panels A2 to D2, Fig. 2 ) of these four DTI parameters from all 47 subjects are low when compared to the corresponding mean images. These results demonstrate the quality of the employed registration method.
Statistical comparison of mean DTI values from major white matter areas Fig. 3 summarizes the significant findings in four diffusion parameters at different brain regions for HND and HAD groups. We In addition, a significant difference between HND and HAD was detected within parietal white matter (p b 0.05). Interestingly, no differences were observed in the internal capsule for all four diffusion parameters among the three groups.
Voxel-based group comparison
Compared to the healthy control group, diffuse abnormal brain regions with significantly reduced FA or significantly elevated MD, AD, and RD were identified in both HND and HAD patients. Abnormal brain regions identified in HND and HAD illustrated in ten uniformly separated axial slices in Fig. 4 . In both HND and HAD patients, brain abnormality was found in all major white matter regions, including the frontal white matter (FW), parietal white matter (PW), temporal white matter (TW), occipital white matter (OW), corona radiata (CR), corpus callosum (CC), optic radiation (OR), and external capsule (EC) with these four DTI parameters. The total volumes of the identified abnormal regions in different brain lobes are summarized in Fig. 5 . In both HND and HAD, the identified abnormal regions were primarily distributed in frontal, parietal and temporal white matter regions than other white matter areas (Fig. 5) . The HAD patient group consistently had a higher volume of abnormal white matter than HND in all these white matter regions and in all four DTI parameters (Fig. 5) . Voxelbased analysis also revealed that HIV infection affected these four DTI parameters at a different extent, so the analysis based upon a single DTI parameter or even FA and MD jointly may not be sufficient for a comprehensive analysis of white matter abnormality caused by HIV infection. Interestingly, more abnormal regions were identified with RD than AD, which was demonstrated as the much higher volumes in all white matter regions in RD (Fig. 5) . This finding agrees with the ROI based results and also suggests that HIV infection affects RD to a greater extent than AD.
Discussion
In this study, both ROI based and voxel-based comparisons of DTI among normal control subjects, HAD, and HND support the following major findings: 1) HIV infection causes wide spread abnormalities in different white matter regions, 2) the white matter alteration in HAD is more severe than HND, suggesting the potential of a DTI based white matter radiological feature to distinguish HAD from HND and 3) HIV infection affects RD to a greater extent than AD, which may suggest that alteration of RD may reflect the prominent disease process in both HND and HAD.
Evaluation of white matter abnormalities in different geometrical scales
In our study, both the ROI and voxel-based analysis approaches were employed to discern the potential white matter abnormalities in HAD and HND patients owing to the fact that these two methods are associated with different geometrical scales and complementary to each other. The regional based analysis performs statistical comparisons in a larger geometrical scale, and it is a global measure of abnormality for a particular predefined white matter region. Although this approach cannot delineate the affected regions at a voxel level, it is less sensitive to potential registration inaccuracy and has a high statistical power. In contrast, the automatic data-driven voxel-based analysis is able to delineate detailed abnormal brain regions. Nevertheless, the sensitivity of voxel-based analysis may be dampened by 1) the need to adjust for multiple comparisons associated with the large number of voxels and 2) when there is a lack of consistent regions of the brain abnormality in HIV patients. Thus, these two approaches were used jointly in our study for a more comprehensive analysis of the impact of HIV infection on white matter.
Identified white matter abnormalities in comparison to previous HIV studies
In general, the identified white matter abnormalities in our study agree with previous HIV studies, although a thorough comparison with the previous findings is formidable due to the differences in patient populations, experimental designs and the employed analyzing methods. The abnormalities of frontal white matter, corpus callosum, internal capsule and corona radiata have been reported previously with ROI based HIV studies with DTI. In the ROI based study by Pomara et al. (2001) , frontal lobes and posterior limbs of internal capsule were identified as abnormal with FA, but no statistical significance was detected in corpus callosum, temporal lobe and parietal lobe. In ADC, no statistical significance was detected in any regions in this study (Pomara et al., 2001 ). In the work by Thurnher et al. (2005) , significant decrease in FA was only found in the genu of corpus callosum in 60 HIV+ patients. Interestingly, in another ROI based study by Wu et al. (2006) , significant increase in MD and significant decrease in FA were only detected in splenium and not in genu and frontal white matter. Thus, even for ROI based analysis, these studies do not have consistent findings regarding to the identified abnormal brain regions. In our study, we have identified splenium having a significant increase in MD in HND and HAD patients and genu has a significant decrease in FA in HAD patients (panel B ,  Fig. 4 ). Our global ROI based analysis also demonstrated significant changes in all four DTI parameters in corpus callosum for both HND and HAD patients. For the internal capsule, we found regions in posterior limb having increased MD in HAD patients (panel D , Fig. 4) , we did not find significant regions with increased FA as demonstrated by Pomara et al. (2001) . We have demonstrated the involvement of corona radiata in both HND (panel C, Fig. 4) and HAD (panel D, Fig. 4 ) patients with MD. In another study by Ragin et al. (2005) , the MD value at semiovale (a part of corona radiata) was significantly correlated with visual memory deficits and visuoconstruction. Besides the abnormalities in frontal white matter, corpus callosum, internal capsule and corona radiata, we have also identified abnormalities located in occipital white matter (including optic radiata) in both voxel-based (the yellow regions in panels B, D, and H, Fig. 4 ) and global ROI-based (Fig. 3) comparisons. To our best knowledge, this result has not been reported previously in DTI based HIV studies. But there exists autopsy evidence from HIV+ patients who died of unnatural courses (e.g. drug overdose and body gunshot) (Gray et al.,1992) . In this autopsy study, abnormal white matter pallor in corpus callosum, optic radiata and internal capsule were only found in HIV+ subjects but not in the negative controls with matched causes of death.
Different alterations in axial and radial diffusivities caused by HIV infection
Both the ROI based and voxel-based comparisons consistently support that the increase in RD is more significant than the increase in AD in both HND and HAD patients. The ROI based analysis demonstrated more white matter regions having significantly altered RD than AD (Fig. 3) , and the voxel-based analysis revealed a larger volume in the identified significant regions with RD than AD (Fig. 5) . These results strongly support that the alteration in these two diffusivities is different. Previous shiverer and cuprizone mouse studies suggested that changes in AD and RD might be associated with axonal and myelin injuries, respectively (Song et al., 2002; Sun et al., 2006) . Thus, our results suggest that demyelination as reflected by the increase in RD may be the prominent disease process associated with HIV infection in both HND and HAD, and axonal injury may occur at a weaker level.
Although whether or not AD can truthfully reveal axonal injury in white matter remains an ongoing investigation, the presence of axonal injury has been discovered by previous immuno-histochemical studies using β-amyloid precursor protein (β-APP) -a marker for axonal injury Giometto et al., 1997; Gray et al., 1998; Medana and Esiri, 2003; Raja et al., 1997) . In our study, significant alterations of AD were observed in multiple white matter regions, and our results suggested that alteration of AD was more severe in HAD than HND. The ROI based analysis revealed that corpus callosum had a significant increase in AD in both HND and HAD patients, and parietal white matter had a significant increase in HAD only (Fig. 3) . All of the remaining white matter regions for both HND and HAD only demonstrated an increasing trend (increased mean AD value) when compared with the healthy controls. HAD demonstrated several abnormal regions located in frontal white matter, parietal white matter, corpus callosum and external capsule (panel F, Fig. 4 ) using the voxel-based analysis while only a small region in the external capsule was identified for HND (panel E , Fig.  4 ). The total volume of the identified significant regions was also greater in HAD than HND (Fig. 5) . Compared to AD, RD may be a more truthful reflector of myelin abnormality. The reported white matter abnormalities identified with RD in this study agree with previous literatures. Histopathologic studies have demonstrated that myelin injury is a prominent component of white matter injury. In autopsy studies, diffuse white matter damage in HIV+ patients appears as pallor in sections stained for myelin damage (Price et al., 1988; Raja et al., 1997) . Furthermore, Gray et al. (1996) found that myelin pallor and subsequent gliosis occurred even at the asymptomatic stage. In an early study measuring myelin basic protein in CSF of HIV+ patients, an increased myelin basic protein level in CSF was detected in all patients with severe dementia (100%), while only 28% and 44% of the patients with mild and moderate dementia were found with increased myelin basic protein in CSF. No myelin basic protein was found in HIV+ patients without neurological disorders or in seronegative, healthy controls. This CSF study suggests that the degree of myelin abnormalities may correlate with functional status in patients with neurological disorders (Liuzzi et al., 1992) . Our results of increased white matter abnormality observed with RD in both HND and HAD seemingly agree with this CSF study (Liuzzi et al., 1992) .
Elevated white matter alteration in HAD compared to HND
In the past, there were several white matter related studies examining the correlation between cognitive impairment and imaging results (including FA or MD and volume loss computed with T1 anatomical image) (Ragin et al., 2004b (Ragin et al., , 2005 Cloak et al., 2004; Chiang et al., 2007) . These studies used a mixed subject population including both healthy control and HIV+ patients, and were more focused on revealing brain abnormality caused by HIV infection rather than comparing the imaging findings among HIV+ patients with different levels of cognitive impairment. Different from these published studies, our study employed a direct pairwise comparison among NORMAL, HND and HAD. Our results revealed a more prominent white matter alteration in HAD compared to HND (Figs. 3-5) , and importantly, this finding is consistent with both ROI based and voxel-based analysis.
Previous studies have revealed that HAD has significantly higher atrophies in cerebral gray matter and basal ganglia (Aylward et al., 1995 (Aylward et al., , 1993 . Our work may be the first one to investigate the existence of white matter difference between HND and HAD. Our study revealed that statistically signficant differences existed between HAD and HND patients in parietal white matter, suggesting that this abnormality may be related to stages of disease. Moreover, HAD exhibited dramatically larger abnormal areas in the posterior part of frontal white matter and anterior part of parietal white matter (red and green areas in panels C, D, G, H, Fig. 4 ) with voxel-based analysis. Interestingly, these regions are projected towards the sensorimotor cortex. The similar region has been identified by Ragin et al. (2005) in a correlation study with visual memory deficits and visuoconstruction. In addition, white matter volume loss has been observed in the primary and association sensorimotor areas in HIV+ patients (Chiang et al., 2007) . In consistency with these published works, our results may suggest that demyelination at these regions (especially in parietal white matter) may be correlated with the worsening of cognitive impairment in HAD.
Technical considerations
DTI is a versatile imaging technique where many diffusion related measures can be derived from the scalar and vector components of the diffusion tensor matrix. In this study, we focused upon four DTI parameters to discern potential white matter abnormalities in HIV+ patients, namely FA, MD, AD and RD. The choice of FA and MD mainly reflects the popularity of both parameters in the literature utilizing DTI to discern white matter abnormalities. While both FA and MD have been widely utilized, their inability to potentially provide insights into the biological underpinnings associated with the abnormal white matter has been implicated by Song et al. (2002) . Therefore, to circumvent this limitation associated with FA and MD, AD and RD were chosen to delineate potential axonal injury and demyelination in HIV+ patients in our studies. Nevertheless, other DTI parameters could also be considered to identify white matter abnormalities, including volume ratio (VR = λ 1 Tλ 2 Tλ 3 = λ 3 ) (Sundgren et al., 2004) , relative anisotropy (RA = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi λ 1 −λ À Á 2 + λ 2 −λ À Á 2 + λ 3 −λ À Á 2 r = ffiffiffi 3 p λ) (Sundgren et al., 2004) , linear component (lc = λ 1 − λ 2 ð Þ = λ 1 ), planar component (pc = λ 2 − λ 3 ð Þ = λ 1 ), spherical component (sc = λ 3 = λ 1 ) (Westin et al., 2002) or major eigenvector (corresponding to the largest eigenvalue). Although these parameters were not specifically investigated in our studies, the proposed voxel-based group analysis approaches can be directly applied to other diffusion parameters.
In this paper, the registration of T1 and DTI image was achieved by a linear registration algorithm. To further improve their alignment, B0 image of DTI can be registered with T1 using a non-linear registration algorithm to compensate the geometrical distortion presented in DTI images. It is worth noting that although there may exist slight inaccuracy in the linear registration between T1 and DTI images, the smoothing operation prior to the voxel-based statistical comparison makes our whole analysis process robust to this possible slight misalignment due to the distortion of DTI.
Conclusion
Our initial experience with analyzing brain abnormality in HND and HAD patients with multiple DTI parameters is promising. Our results support that HIV infection causes widespread abnormalities in different white matter regions in both HND and HAD patients and white matter alteration is more severe in HAD than HND patients. Furthermore, we have found that the dominance of alteration in RD compared to AD may reflect the prominent disease progression associated with white matter demyelination.
